ABSTRACT. In order to determine whether cystic fibrosis neutrophils are affected in their secretory functions, lysosoma1 enzyme release and chemiluminescence (light emission from cells) were assayed in patients' cells and compared with those in normal control cells. We observed a decreased response of cystic fibrosis neutrophils in 8- 
The basic defect for this exocrine dysfunction is still unknown and little progress has been made in the definition of the pathogenesis of the disease, perhaps, as previously pointed out ( 5 ) because most biochemical investigations have involved analyses of either complex fluids (saliva, plasma, serum) or cells (fibroblasts, leucocytes, erythrocytes) that were chosen for their availability from patients, while CF is a disease affecting primarily epithelial cells and not the cell types (mesodermal origin) mainly examined to date.
However, because it is difficult to study epithelial cells in culture, polymorphonuclear neutrophil leucocytes could be helpful in the investigation of the primary biochemical defect in CF. Indeed, it has long been demonstrated that the neutrophil, when treated with cytochalasin B, resembles a secretory cell (6) in which biochemical pathways leading to the extracellular release of lysosomal enzymes have striking similarities to those involved in exocytosis from exocrine glands (7) (8) (9) . In this respect, neutrophils can be used as a convenient system to approach the biochemical inborn error of CF, if one assumes that the disease actually affects one of the common pathways in neutrophil and exocrine tissue secretions.
Herein, we report an analysis of various aspects of the stimulus-secretion coupling in CF and normal neutrophils using three different stimuli: opsonized zymosan, FMLP and ionophore A23187. Opsonized zymosan is made of a yeast wall polysaccharide coated with complement C3b and C3bi fragments and IgG (10) ; FMLP is a synthetic chemotactic peptide which is a potent activator of neutrophil functions (1 1) and A23187 is a calcium ionophore which promotes a rise of intracellular calcium levels, a crucial step for neutrophil activation (6) . Both FMLP and opsonized zymosan activate neutrophils via membrane receptors while A23187 makes the plasma membrane permeable to calcium, and promotes calcium influx, due to the large transmembrane calcium gradient between the inside and the outside of the cell (6, 10, 12) .
In this study, we have compared two physiological responses (exocytosis and chemiluminescence) of normal and CF neutrophis and identified an altered response in CF cells to one of the stimuli we used. sponses to FMLP stimulation were observed with C F neutrophils from lightly affected patients and vice versa, responses close to control ones were observed with CF neutrophils from severely affected donors; in addition, cells from the same patient taken at different times gave a reproducible secretory response. Similarly age and sex were not factors affecting the magnitude of the secretory response. Figure 1 also indicates that the ED,, (concentration of stimulus inducing half-maximal stimulable release) is approximately the same for normal (5.3 x lo-' M) and C F (6.0 x lo-* M) cells. Since differences in the amount of enzyme release could be due to differences in the rate of exocytosis, we examined the time course of P-glucuronidase secretion for each stimulus we used in normal and C F neutrophils. No difference was found in the temporal activation of maximal release (Fig.  2) .
On the other hand, neutrophils from patients with C F exhibited exocytosis responses to opsonized zymosan (Fig. 3) or A23187 (Fig. 4 ) stimulation similar to those of normal neutrophils. Since cytochalasin B appeared to be necessary for FMLPinduced lysosomal enzyme release ( Fig. 1) (6) , all three stimuli were tested in the presence or in the absence of this drug; our results show that cytochalasin B was enhancing secretion responses to A23 187 and opsonized zymosan stimulation and thus cannot be involved in the decreased response to FMLP stimulation of CF neutrophils release. None of the stimuli we ustd (FMLP, A23 187, opsonized zymosan) had greater effect on normal neutrophils than on C F neutrophils in increasing LDH release from the cells. The amount of LDH released probably reflects lysis of a small number of cells and we thus conclude that a difference in P-glucuronidase exocytosis cannot be explained by a preferential lytic effect of the stimulus on one cell population.
Since FMLP provokes both the release of enzymes from primary (azurophil) granules, such as P-glucuronidase, and of constituents of secondary (specific) granules, such as the vitamin B12-binding protein (6) Calcium and lysosomal enzyme release. Calcium plays a pivotal role in the stimulus-secretion coupling of the neutrophils (1 8). Both intracellular and extracellular calcium concentrations are of importance for lysosomal enzyme release (19) . In order to determine whether calcium metabolism is affected in C F neutrophils, we studied the effects of calcium metabolism disturbance on normal and CF neutrophil functions. Table 1 indicates that CF neutrophils were as sensitive as normal cells to variations of extracellular calcium concentrations, suggesting that the permeability of the plasma membrane to this cation is unaltered in CF cells. Intracellular calcium, and particularly membrane-bound calcium, is the main source of calcium in activation of the neutrophil functions. Using various inhibitors which, in one way or another, interact with plasma membrane, we have investigated the effect of perturbations of this pool of calcium. Three inhibitors were tested. 1) Ethacrynic acid, an inhibitor of the calcium stimulated ATPase (calcium pump) in a large variety of cell types (20) ; this enzyme is responsible for the maintenance of cytosolic (MI Fig. 4 . Effect of A23 187 on P-glucuronidase release. The experimental conditions are as described in "Materials and methods." Cells from normal (*, 0) and CF (a, 0 ) neutrophils were preincubated (*, @) with 5 pg/ml cytochalasin B for 10 min at 37" C before addition of A23 187 or stimulated with A23 187 alone (0, 0 ) . free calcium level in neutrophils and we shall assume that, as in other cells, the neutrophil calcium ATPase is inhibited by ethacrynic acid. 2) TMB-8 or 8-(dimethyl-amino)-3,4,5-trimethoxybenzoate-1-octanol, an inhibitor of the release of intracellular calcium from membranes (which has no effect on calcium uptake;21); TMB-8-also inhibits protein kinase C (22). 3) TFP (trifluoperazin) an inhibitor of calmodulin-dependent processes and, mainly, of other processes via its phospholipid-interacting properties (23) .
As Table 2 shows, a significant difference was observed between normal and CF neutrophils when two of the inhibitors were used (TFP and TMB-8): CF neutrophils were slightly less sensitive to these two inhibitors than control neutrophils. This difference appeared limited to FMLP stimulation.
Chemiluminescence. The microbicidal action of neutrophils proceeds in part through the production of highly reactive oxygen metabolites as superoxide anions (02'-), H202 or the hydroxyl radical (OH .) (24) . The membrane NADPH oxidase is responsible for the major oxidative activity of the neutrophil (25) . A wide variety of phagocytic particles and soluble agonists can stimulate the oxidative processes (1 8), but chemotactic peptides are relatively weak agonists. Oxidative microbicidal activity is associated with the generation of light, a phenomenon called chemiluminescence (24) , and activation of the NADPH oxidase can thus be monitored by quantitating light emission. Comparison of the chemiluminescence response of normal and C F neutrophils to FMLP stimulation (in the absence of cytochalasin B) indicated a similar kinetics for both cells, but CF cells showed a weaker peak than normal neutrophils (Fig. 5) . Although the magnitude of the chemiluminescence response varied from one experiment to another (different cell preparations), the CF neutrophil response was generally below the normal response within the same experiment. Pretreatment of the cells with cytochalasin B affected neither the kinetics of the peak nor the observed difference (although the peak is increased about 3-fold). Figure  6 shows the distribution of the results obtained from eight experiments for the release and chemiluminescence responses of normal and CF neutrophils to FMLP stimulation. The difference in the responses of these matched pairs of control and CF cells is evident. Superoxide dismutase (100 pg/ml) inhibited almost completely FMLP-induced chemiluminescence while sodium azide (1 mM), an inhibitor of myeloperoxidase (a lysosomal enzyme involved in chemiluminescence production), had either no or a slight inhibitory effect on this chemiluminescence, indicating that the chemiluminescence response monitored in FMLP-stimulated cells was essentially limited to the membrane.
FMLP receptors. The impaired response of CF neutrophils to FMLP could be due to a defect in the number or the quality of the FMLP receptors. Figure 7 shows that, although the apparent KD is similar in normal and CF neutrophils the RN was increased in CF neutrophils. These results were confirmed in 12 's t test) . These results clearly demonstrate that the impaired response of CF neutrophils cannot be explained by a lack of FMLP receptors nor by a lower affinity of these receptors.
DISCUSSION
In this study, we have compared the release of lysosomal Pglucuronidase and vitamin B 12-binding protein from normal and CF neutrophils in order to identify a possible secretory defect in the latter cells. We found that responses to opsonized zymosan and to the calcium ionophore A23 187 were identical in both cell preparations, but that a significant difference could be demonstrated between normal and CF neutrophils in FMLP-induced P-glucuronidase release. This difference is either a direct consequence of the presence of the CF gene or a secondary effect of the disease. Since we found no correlation between the severity of the illness and the magnitude of the observed difference we favor the first hypothesis. The effect of a possibly abnormal environment of CF neutrophil that would affect the responsiveness of these cells is difficult to dismiss [CF serum has been shown to promote exocytosis and calcium uptake in neutrophils (26, 27) ]. However, a possible desensitization of FMLP receptors in CF cells (resulting, for instance from the presence of stimulatory factors in CF serum) is unlikely for several reasons. First, since the neutrophils were thoroughly washed for these studies, it is clear that the continued presence of serum is not required for the abnormal response to be observed; in addition, preincubation of normal cells with CF serum did not affect the response of these cells to FMLP (data not shown). Second, young CF patients who had not yet developed lung infection showed the same alteration as chronically infected patients. Third, total content of P-glucuronidase (primary granules) and of vitamin Bl2-binding protein (secondary granules) was not lower in CF neutrophils, suggesting that these cells were not prestimulated. Finally, we have measured FMLP receptors in number and affinity in normal and CF neutrophils. Affinity of CF neutrophil receptors was not significantly different from that of normal receptors, while the number of FMLP receptors per CF neutrophi1 was increased, although not very significantly ( p < 0.01) compared to normal cells. This strongly indicates that the altered response of CF neutrophils to FMLP stimulation reflects an intrinsic defect rather than an overstimulated cell state, and that this defect occurs at a level beyond that of the receptor. It is also unlikely that desensitization results from an elevated level of intracellular cyclic AMP, a cyclic nucleotide known to inhibit neutrophil responses (6) , since it has been demonstrated that basal adenylate cyclase activity and cyclic AMP level are normal in CF neutrophils (28, 29) .
Native chemiluminescence in neutrophils is stimulated by FMLP and results from the production of reactive oxygen species by activated NADPH oxidase, a membrane enzyme. We ob- served an impaired native chemiluminescence in CF neutrophils stimulated with FMLP, as in the case of P-glucuronidase exocytosis. Earlier observations revealed a normal granulocyte oxidative response using opsonized zymosan as stimulus (30) . NADPH oxidase activity thus seems to be svecificallv imvaired in FMLPof calcium in this coupling is well documented in a variety of cells (7) (8) (9) and CF (31) . In this work, we have shown that the active intracellular pool in CF neutrophils is apparently not abnormally reduced: these cells, even in the absence of extracellular calcium are still responsive to FMLP and opsonized zymosan. In this context, it is striking that ethacrynic acid, an inhibitor of the plasma membrane calcium ATPase activity (20) , has the same effect on CF and control neutrophils ( Table 2) . Other authors have reported that the calcium-stimulated ATPase activity is decreased in CF cells (32) . Our results indicate that if this alteration is general, it is not accompanied by a differential sensitivity of the calcium ATPase to ethacrynic acid.
On the other hand, we showed that CF neutrophils are more resistant than control neutrophils to TMB-8 and TFP inhibition. This result suggests the possibility that calcium metabolism and/ or protein kinase C (both are affected by TMB-8 and TFP) are altered, directly or indirectly in CF neutrophils. Calcium metabolism has been suggested to be central in the pathogenesis of CF by several authors (26, (31) (32) (33) (34) and changes in mitochondrial calcium concentrations have been described in CF cells (3 1, 33, 34 ; but see also 35, 36) . However, our observations on TMB-8 inhibition cannot be explained by abnormal mitochondrial calcium concentrations since mitochondrial calcium does not seem to participate in the rise of cytoplasmic calcium concentration (31) . Protein kinase C is involved in the exocytosis (37) and chemiluminescence (38) processes, and its activity is dependent on phospholipid metabolism (39) . In this respect, it might be significant that abnormal fatty acid turnover has been observed in the red blood cell phospholipids of most CF patients (40) . Further studies on calcium metabolism and the activity of protein kinase C in stimulated CF neutrophils should contribute to identify the defective step in the FMLP-induced response of CF neutrophils.
In summary, we have demonstrated that CF neutrophils differ from control neutrophils in at least two aspects of their response to FMLP, namely P-glucuronidase exocytosis and NADPH oxidase-dependent cherniluminescence. This alteration is not a consequence of deficient FMLP receptors in CF neutrophils.
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